Fluorescent dyes have been used for many years to track adoptively transferred cells in vivo. However, the use of carboxyfluorescein diacetate succinimidyl ester (CFSE) has introduced a new dimension into such studies by enabling accurate detection of cell division 1 in addition to cell tracking. Cell division can be measured accurately within CFSElabelled populations because of a felicitous combination of three factors: the reproducibility, efficiency and stability of CFSE-labelling of cytoplasmic proteins, resulting in an exceptionally bright and uniform signal that is divided between daughter cells with high fidelity. The standard deviation of the initial fluorescence intensity distribution is generally less than 20% of the mean and because the standard deviation does not become appreciably broader with repeated division, the fluorescence peaks remain distinct as the cells divide, allowing the number of cells in each peak to be counted accurately. While division of fluorescent signal between daughter cells is of course not unique to CFSE-labelled cells, the small relative standard deviation is as yet unrivalled, making CFSE the label of choice for tracking cell division.
Introduction
Fluorescent dyes have been used for many years to track adoptively transferred cells in vivo. However, the use of carboxyfluorescein diacetate succinimidyl ester (CFSE) has introduced a new dimension into such studies by enabling accurate detection of cell division 1 in addition to cell tracking. Cell division can be measured accurately within CFSElabelled populations because of a felicitous combination of three factors: the reproducibility, efficiency and stability of CFSE-labelling of cytoplasmic proteins, resulting in an exceptionally bright and uniform signal that is divided between daughter cells with high fidelity. The standard deviation of the initial fluorescence intensity distribution is generally less than 20% of the mean and because the standard deviation does not become appreciably broader with repeated division, the fluorescence peaks remain distinct as the cells divide, allowing the number of cells in each peak to be counted accurately. While division of fluorescent signal between daughter cells is of course not unique to CFSE-labelled cells, the small relative standard deviation is as yet unrivalled, making CFSE the label of choice for tracking cell division.
Labelling lymphocytes in a naïve or virgin state rather than after activation also offers a number of advantages. First, the relative uniformity of cytoplasmic volume and composition in naïve lymphocytes ensures a particularly narrow fluorescence peak. Second, because approximately 99% of initial label is metabolized within the first 24 h, only cytoplasmic proteins with a relatively long half-life (of the order of weeks to months) are still labelled at the time of cellular activation. The relative metabolic inactivity of these labelled cytoplasmic components appears to allow the cell to function normally, despite the high level of cytoplasmic fluorescence. Moreover, the total level of cellular fluorescence remains the same in activated and unactivated cells within the labelled population, because the increased metabolic activity associated with activation appears to preferentially involve shortlived molecules that have already been resynthesized in the 24 h after labelling.
In addition to using CFSE to follow cell division, it can be used to indicate the extent of cell death in vitro and to estimate the extent of migration into and out of a particular site of immune activation in vivo. This requires the calculation of a figure which we term the 'CFSE content'. It refers to the absolute amount of CFSE (expressed as cell equivalents) within the cell population of interest, independent of the total number of cells derived from division. It therefore gives an estimate of the original number of CFSE-labelled cells from which the divided population has arisen. Thus, if the CFSE content is reduced under particular conditions in vitro, it suggests that cells within the culture have died. A decrease in CFSE content in vivo indicates either cell death or emigration from the site of division, whereas an increase relative to controls is seen when precursors are recruited to the site of an immune response. To calculate the number of undivided cells from which a multiply divided population has arisen, it is necessary to correct the number of cells in each cell division peak for the increase due to division itself. Thus, the number of cells in the first division peak is divided by 2, the second by 4 and so on.
The CFSE content (C) is then calculated by summing the corrected numbers in each peak. Thus:
where n i = the number of cells in the ith division peak. Because it is difficult to distinguish division peaks as they approach the autofluorescence level of dividing cells, the calculation is not useful for i > 8.
The percentage of cells recruited into cell division (P) can also be calculated using the following formula:
The purpose of this article is to summarize our experience with CFSE, both in vitro and in vivo, over the course of the past four years. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Our principal interest is in the behaviour of naïve lymphocytes on their first contact with Ag, making use of Ag-receptor transgenic (Tg) mice to increase the frequency of Ag-specific precursors to a detectable level.
In vitro studies
In vitro studies of T and B cell responses to specific Ag have traditionally been performed by measuring the uptake of labelled precursors, such as [ 3 H]-thymidine, into DNA during S phase. However, the advantage of CFSE is that, when combined with flow cytometry, it provides a simple and accurate assessment of cell division at the level of the single cell. Thus, cell populations in which a few cells undergo substantial division can easily be distinguished from those in which many cells undergo more limited division. In addition, by calculating the total CFSE content of each cell culture, the amount of cell death within individual cultures can be estimated, as long as the cultures are analysed before a substantial number of cells has divided more than 8 times (which usually requires 4-5 days of culture). Figure 1 gives an example of the type of information provided by the use of CFSE in vitro. Resting TCR Tg T cells specific for moth cytochrome c (MCC) peptide residues 87-103 in the context of the mouse class II allele IE k were harvested from either TCR Tg mice or 'double' Tg mice in which the TCR Tg had been crossed with Tg mice expressing MCC 87-103 as a neoself Ag. 12 Such double Tg mice show significant thymic deletion of cells expressing the Tg-encoded TCR α and β chains (termed Tgα + ), but no effect on the polyclonal population expressing the Tg-encoded β chain paired with an endogenous α chain (termed Tgα -). However, a residual population of self-specific CD4 + Tgα + T cells can be detected in the peripheral lymphoid compartment. In order to understand the factors that allow self-specific T cells to exist in vivo without causing autoimmune disease, we tested the functional capability of CD4 + Tgα + T cells by stimulating them in vitro with specific Ag. Rather than attempting to purify precursor T cells before culture, a difficult procedure that often requires ligation of the TCR, we chose to label single-cell suspensions of unfractionated lymph node cells, the best source of resting T cells ex vivo. By adding an excess of unlabelled syngeneic spleen cells to serve as APC, we minimized any differences in the Ag-presenting capacity of the 
different donor populations. On harvest after 3-4 days of culture, the cells were stained for a number of flow cytometry markers to distinguish the T cell population of interest (in this case, CD4 + and Tgα + ), taking care that the population was negative rather than positive in at least one channel (in this case, propidium iodide (PI)) so as to gate out doublets and non-specifically autofluorescent cells. Polyclonal CD4 + Tgα -T cells served as Ag specificity controls. The data in Fig. 1a provide many clues as to the functional state of CD4 + Tgα + T cells from double Tg mice. Comparison of responses to Ag in the absence of exogenous IL-2 indicates that the number of cells recruited into cell division was much smaller in double than single Tg mice (compare the size of the undivided peaks for each dose of Ag). However, the number of cell divisions within the divided population was remarkably similar. Also apparent is a relationship between the dose of Ag and the number of cells recruited into division. The mean number of divisions per recruited precursor was also a function of Ag dose, although the effect was more subtle. Calculation of the CFSE content of each culture indicated no differential cell death between the different culture conditions. Figure 1b shows the effect of adding saturating doses of exogenous IL-2 in a replicate experiment. The number of precursors recruited into division under such conditions was similar in double and TCR Tg mice. Moreover, the average number of divisions per precursor was higher in those cells derived from double Tg mice, consistent with at least partial activation in vivo prior to exposure to Ag in vitro, a phenomenon we have previously documented for functionally tolerant B and T cells isolated from Ag Tg mice.
7 Figure 1c shows the response to Staphylococcal enterotoxin A (SEA), a superantigen that stimulates via binding to the TCR β chain. Once again the response of cells from double Tg donors was higher than that of the TCR Tg controls, indicating that the double Tg T cells were capable of responding normally to signals delivered to Tgβ chain-containing TCR, but not those delivered via Tg-encoded αβ pairs.
A detailed mechanistic explanation of each of these effects is not appropriate here (see Girgis et al. 10 ). Suffice it to say that the ability to achieve independent estimates of recruitment into division, average division number per precursor recruited and cell death with a single flow analysis is a potent inducement to use CFSE in such experiments.
In vivo studies
One of our major areas of interest has been to understand how and why naïve T cells can be stimulated to make a variety of distinct responses in vivo. 8 Such decision-making lies at the heart of immune regulation and underlies virtually all the immunopathology with which we contend in the clinic. The first step towards understanding the basis of such in vivo decisions is to be able to identify when and where they take place. Thus, it is necessary to characterize the initial response to Ag as well as the final outcome. In our studies aimed at characterizing archetypical tolerogenic versus immunogenic responses, we noted that both responses involved T cell activation, cytokine production, proliferation and death. 8 A detailed quantitative and kinetic comparison of the two types of responses was therefore required, for which CFSE provided one of the crucial elements.
Experimental model
In order to follow the fate of relatively small subsets of Agspecific T cells in vivo, it is necessary to use highly sensitive and accurate markers. While CFSE itself provides an extremely precise marker for adoptively transferred populations that undergo fewer than seven to eight divisions, it is necessary to use an independent marker to unequivocally identify cells that have undergone further divisions. Because our principal interest is in T cells, we initially tested the Thy-1 alleles available in congenic mouse strains on a C57BL/6 background. However, it was apparent that the CFSE label and donor-derived Thy-1 allele were not always found on the same cells after in vivo adoptive transfer (Figs 2a,b) . This was particularly evident when the Thy-1 allele of interest was expressed by the donor T cells (Fig. 2b) . In this particular experiment, 41% of donor-derived (CFSElabelled) cells had lost expression of Thy1.1 after transfer, suggesting that the lipid-linked Thy-1 molecule could be transferred between donor and recipient cells. In contrast, CD45 alleles (Ly5.1 and 5.2) remained closely associated with the cells that synthesized them (Figs 2c,d ). It is likely that the apparent acquisition of Ly5.1 expression by recipient cells (Fig. 2c) was actually due to mixed doublets of donor and recipient cells. This experiment also illustrates the utility of using an allelic marker on the recipient rather than the donor cells, in that the degree of contamination of the donor CFSE -gate by recipient cells that do not stain for the allelic marker (0.05% in Fig. 2c) is smaller than the percentage in the reciprocal transfer (0.12% of recipient cells stain for the donor allele in Fig. 2d ). In addition, the channel in which the allelic marker is detected can also serve as a 'dump channel', in which mixed doublets between donor and recipient cells are segregated and a number of markers not expressed by the donor-derived population of interest can be combined. Figure 3 shows the experimental protocol for the majority of our in vivo experiments. The gating strategy for such experiments is outlined in Fig. 4 and Table 1 .
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Deletional versus memory responses
Our early studies indicated that intravenous peptide induced early proliferation of peptide-specific CD4 + T cells, followed by rapid deletion of the majority of responder cells between days 3 and 10. By analysing the behaviour of a CFSElabelled cohort of responder cells, it was apparent that the first cell division was seen about 24 h after immunization, with rapid division in the following 48 h (Fig. 5a ). Very little division was seen after 72 h (Fig. 5a ), even when additional intravenous peptide was administered at later times (data not shown). In contrast, when peptide was emulsified in complete Freund's adjuvant (CFA) and administered subcutaneously, Ag-specific CD4 + T cells in the draining nodes continued to divide for at least 6 days, until virtually all cells had divided ≥ 8 times (Fig. 5b and data not shown) . The leading edge of divided cells progressed through six cell division cycles between 24 and 48 h, giving a minimum division time of 4 h per cycle with the average being 6 h per cycle. We have confirmed in a number of different models that such rapid division times are characteristic of primary responses of naïve T cells, explaining the massive capacity for clonal expansion in the Ag-specific immune response.
Analysis of the CFSE pattern in a number of different responses in vivo led us to postulate that the tolerogenic deletional and immunogenic non-deletional (memory-generating) responses were initiated by different types of APC, the lymphoid and myeloid dendritic cells, respectively. 8 Our recent studies have focused on responses in which both classes of APC appear to be involved. In such responses, the pattern of cell division is bimodal (Fig. 5c) , consistent with distinct patterns of activation and differentiation being stimulated by the different APC. Moreover, the kinetics of cell death are also distinct within the two populations of activated T cells (not shown), the initial rate of cell death being amplified in population B relative to A (Fig. 5c) . Thus, the cell division profile may provide clues as to the eventual fate of responder cells in vivo.
Cytokine production as a function of cell division
Elegant studies by PD Hodgkin and colleagues have established that cell division is a crucial parameter regulating the differentiation of B and T cells in vitro. [13] [14] [15] [16] In particular, naïve T cells acquire the ability to synthesize and secrete cytokines, such as IL-4, IL-5, IL-10 and IFN-γ, in a divisiondependent manner. 16, 17 To test whether their in vivo behaviour is regulated in the same way, we have established techniques for correlating cytokine production and cell division within Ag-specific CD4 + T cells differentiating in vivo. Cytokine production after in vitro restimulation of cells for 6 h is easily detected by standard intracellular staining techniques (Fig. 6) . The detection of intracellular cytokine directly ex vivo has proven more problematic, presumably because the amount being synthesized in response to the primary stimulus is considerably smaller than the secondary response to an optimal restimulation in vitro.
Cytotoxic function increases with cell division
To test whether differentiation of CD8 + T cells into effector cytotoxic cells (CTL) also correlates with cell division, we used CD8 + T cells from Des-TCR Tg mice 9 specific for the allo H-2-K b MHC class I molecule. Our previous results have shown that cultured Des-TCR Tg cells can acquire cytotoxic activity after 2 days, with killing efficiency reaching a plateau by day 4. 9 To determine whether the increase in cytotoxicity between days 2 and 4 correlated with cell division, purified lymph node CD8 + T cells from Des-TCR Tg mice
The virgin lymphocyte and CFSE 533 were labelled with CFSE and cocultured for 3 days with H-2-K b+ splenocytes from C57BL/6 mice. Harvested cells were sorted into individual division peaks and tested for their ability to kill H-2-K b+ target cells using classical chromium release assays (Fig. 7) . CD8 + T cells acquired significant cytotoxic activity only after the second division, with each subsequent division showing an increase. Thus, cells at the leading edge of the CFSE profile killed targets almost twice as efficiently as the unsorted population. Because it was possible that high CFSE labelling interfered with generation of cytotoxic function in vitro, we also labelled splenocyteactivated T cells at the time of harvest rather than before culture. The CFSE-labelled cells killed targets as efficiently as unlabelled cells (data not shown), suggesting that cytotoxicity was not affected by CFSE. These experiments show that differentiation of CD8 + T cells to a cytotoxic phenotype Table 1 Helpful hints for flow cytometry with CFSE Figure 4 Standard five-colour gating strategy for determining carboxyfluorescein diacetate succinimidyl ester (CFSE) profiles after adoptive transfer. Cells are gated for scatter, then CD4 (FL2) expression and exclusion of propidium iodide (PI; FL3/1), followed by lack of expression of the congenic marker Ly5.1 (FL5). Depending on the experiment, cells are then analysed for expression of the transgenic TCR α chain (Tgα) or a differentiation marker (e.g. CD54) (FL4). The division profile of Tgα + cells can then be 'sliced' into division numbers for calculating CFSE content. To analyse differentiation markers and Tgα simultaneously, PI can be omitted or PI and Ly5.1 can be combined in the same 'dump' channel (FL3/1).
Compensation between FL1 (carboxyfluorescein diacetate succinimidyl ester; CFSE) and FL2 (phycoerythrin; PE) can be difficult.
Use a bright FL2 stain and reduce FL2 detector amplification.
Reduce the CFSE concentration if analysing less than 24 h after labelling.
Compensation samples require large numbers of cells. Set the plot to accumulate.
Collect 0.5-1.0 × 10 6 events after in vivo transfer. Take care not to gate out CFSE hi cells during acquisition.
Label for the minimum possible time (р 10 min).
Store CFSE dessicated at -70°C.
resembles the acquisition of cytokine production by CD4 + T cells and isotype-switching in B cells, in that it is also a function of cell division.
Spontaneous proliferation in a lymphopaenic environment
While 'spontaneous' proliferation in lymphopaenic environments has been an accepted phenomenon for many years, its cause remains controversial. We have recently used CFSE to elucidate the cause and specificity of such proliferation, which appears to be a necessary factor in many models of autoimmune disease. 18 In the course of experiments originally designed to monitor the effect of restricting Ag presentation to B cells, we transferred naïve Ag-specific purified B and T cells to immunodeficient (severe combined immunodeficient (SCID) or recombinase-activating gene (RAG)-1 -/-) hosts. Although 70% of the original T cell inoculum was made up of CD4 + Tgα + T cells, only 10-20% of the cells isolated from unimmunized recipients 2 weeks later bore the Tg-encoded receptor. The CFSE profile at that time indicated that the change in the ratio of CD4 + Tgα + to Tgα -cells was principally due to substantial spontaneous division within the Tgα -population. To characterize such division in more detail, we followed a CFSE-labelled cohort of naïve non-Tg T cells upon transfer to RAG-1 -/-recipients, characterizing cell division profiles on days 1-7 ( Fig. 8 and not shown) . The first cell division took place in the lymph nodes between 1 and 2 days after transfer, with the highest level of recruitment into cell division in the mesenteric lymph nodes (MLN) draining the gut (Fig. 8) . Cells underwent the eighth division between 3 and 4 days after transfer (Fig. 8 ), but the cell number continued to increase exponentially, reaching a plateau only between days 8-12 (not shown). To monitor the site of cell division after day 4, a bromodeoxyuridine (BrdU) pulse was combined with the CFSE analysis (Fig. 9 ). This confirmed not only that the site of greatest cell division continued to be the MLN, but that division was generally restricted to cells at the leading edge of the CFSE profile. This implied that the cells remaining in the intermediate division peaks (divisions 1-4) at later times had stopped dividing, ruling out the possibility that they represented a cohort of cells that underwent delayed division as a result of late recruitment. In addition, lack of BrdU uptake ( Fig. 9 ) and intermediate size (not shown) indicated that recirculating cells isolated from the peripheral blood were no longer actively dividing.
Although fewer than 4% of transferred CD4 + T cells were recruited into division, they generated a population that comprised > 95% of the donor-derived cells 2 weeks after transfer. The small number of precursors suggested either an Ag-specific response or non-specific recruitment of a minor subpopulation of cells with unusual activation status. To test these possibilities, we transferred monoclonal CD4 + Tgα + cells from TCR Tg × RAG-1 -/-donors into syngeneic
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Figure 7 Cytotoxic activity increases with cell division number after in vitro activation. Purified lymph node CD8 + cells from K bspecific Des-TCR transgenic mice were carboxyfluorescein diacetate succinimidyl ester (CFSE) labelled and cocultured with C57BL/6 splenocytes as previously described. RAG-1 -/-recipients. No division was detected without administration of specific Ag (not shown), suggesting that 'spontaneous' division in the experiment described earlier resulted from a specific response to environmental Ag, particularly that derived from the gut. This postulate is also consistent with the behaviour illustrated in Fig. 9 , in which the cells in the intermediate divisions stopped dividing before those at the leading edge. This feature of polyclonal responses is consistent with a model in which cells of lower affinity stop dividing before those of higher affinity. Thus, a simple time course, combined with CFSE labelling, has suggested a number of hypotheses that we can now test to generate a more detailed picture of the forces driving cell division in vivo.
Recirculation and homing of divided cells
Labelling with CFSE is the only technique that allows the division status of migrating lymphocytes to be determined. In the experiments described above, comparison of the CFSE profiles in peripheral blood and non-lymphoid sites, such as the liver and colon, revealed a disparity in the division status of cells in those sites (Fig. 8) . Thus, cells that had undergone intermediate numbers of divisions were selectively absent in non-lymphoid tissues (Fig. 8 , compare profiles for blood, liver and colon). This suggests that expression of receptors required for entry and retention in non-lymphoid sites is acquired as a result of division-dependent differentiation, in an analogous manner to other functions of differentiated cells, such as cytokine production (Fig. 6 ) and cytotoxic function (Fig. 7) . Expression of the integrin CD54 by cells that had undergone the most divisions (Fig. 4) is an example of such a differentiative process. Thus, the use of CFSE, combined with other surface and cytoplasmic molecules, can provide many clues as to the functional capacity of Agspecific T cell subpopulations. 
Conclusions
Carboxyfluorescein diacetate succinimidyl ester has added an important dimension to our analysis of lymphocyte activation, differentiation and fate in vitro and in vivo. Our data suggests that the cell division-dependence of differentiation, originally described in vitro, 13 will also apply to lymphocyte differentiation in vivo, allowing complex responses to be understood in terms of the division-dependent probability of differentiation into an array of functional states. Extending the analysis of putative division-linked molecules to those controlling recirculation, homing and lifespan will then serve as the basis for a quantitative understanding of the immune response in all its various forms.
